The Azores Current originating as a branch of the Gulf Stream is a highly dynamic system in the subtropical North Atlantic. The associated front forms the northeastern boundary of the North Atlantic Subtropical Gyre. In this study we analyzed 42 years of assimilated modeled temperature fields to localize the position of the Azores Front at 22 • W and observed a fast north-and southward propagation between 30 • N and 37 • N on monthly to decadal time scales. The North Atlantic Oscillation with correlated changes of the wind direction was identified as one driving mechanism. As the front is acting as a guide for Rossby waves, the signal of the front's propagation is transferred to the western Atlantic and, among other atmospheric forcing mechanisms, induces a shifting of the Northern Wall of the Gulf Stream with one year delay. Shallower mixed layer depths in the northern frontal region of the Azores Current caused by the rise of the isotherms lead to nutrient supply and primary production different from those found in the southern frontal region of the current system. A high interannual variability is manifested in deep ocean particle flux, derived from a sediment trap in 2000 m water depth at the mooring site KIEL276 (33 • N, 22 • W) from 1993 to 2008, which is directly related to the phytoplankton bloom in the euphotic zone. This variability is explained by the propagation of the front and strong variations in the catchment areas of the sediment trap due to the associated eddy activity in the frontal region.
Introduction

South of Newfoundland near 39
• N, the Gulf Stream branches into the North Atlantic Current and the Azores Current (AC) [1, 2] . The AC itself transports 10 Sv in the upper 800 m of the water column across the Atlantic Ridge south of the Azores between 32
• N and 36
• N [3] and then feeds the southwestward flowing North Equatorial Current [2] . Accompanied to the eastward flow of the meandering AC is a high mesoscale eddy activity causing recirculation and advection [4] . The northern boundary of the AC is formed by the Azores Front (AF, Fig. 1 ) characterized by strong temperature and salinity gradients [5] , located between 30
• N and 38
• N [6] , whereby the front simultaneously represents the northeastern border of the North Atlantic Subtropical Gyre. The AF separates the warmer and saltier 18
• C Western North Atlantic Water (WNAW) originating from the Sargasso Sea to the south from the colder Eastern North Atlantic Water (ENAW) to the north [4, 7] and in this study is defined by rising of the 15
• Cisotherm from depths below 300 m to above 200 m [1] . The northwestern boundary of the North Atlantic Sub- Atlantic. Indicated are the Azores Current with its accompanied Azores Frontal Region, building the transition area between the surface waters of the cold waters of the temperate Atlantic and the warm waters of the subtropical and tropical Atlantic, and the Canary Current. The time series station KIEL276 is located on 33
• N, 22
tropical Gyre is formed by the Gulf Stream. North-and southward drifting of the Gulf Stream has been observed and studied before (e.g. [8] [9] [10] [11] ). Combined surface, aircraft and satellite observations have been used to observe the north wall of the Gulf Stream since 1966 [9] . A major factor in establishing the position of the Gulf Stream was found in changes of the atmospheric forcing related to the North Atlantic Oscillation (NAO) being the dominant mode in the climatic variability of the North Atlantic [12, 13] . Correlated to the NAO, changes in wind forcing and the sea surface temperature (SST) pattern influence the north-and southward shift of the Gulf Stream [10, 11] . The origin of the AC as a branch of the Gulf Stream suggests a correlation of their propagation.
In contrast to the large scale physical forcing mechanisms from the atmosphere and in the ocean, subtropical fronts generate highly dynamic systems that can maintain a strong biological response caused both by their large spatial extent and temporal persistence as well as their jet-like flows [14] . Closely located to the AF is the mooring station KIEL276 (33
• W, Fig. 1 ) where particle flux was sampled in 2000 m from 1993 onwards. This particle flux time series will be used to study the influence of the propagation and the water mass separation of the front on the biological environment in the upper water column and associated export production. Many studies of the biological production in the region of the AF have been carried out, e.g. by refs [5, 7, 14, 15] with analyses of biological and chemical data sampled on different cruises. However, no long time series of in-situ chlorophyll or primary production which are relevant for studies of the biogenic particle flux are available. Ref. [15] found, in the colder water north of the front, higher concentrations than in the warmer water in the south caused by either more nutrient supply or generally higher nutrient concentrations. However, there was no evidence of higher chlorophyll values in the frontal zone, and also no indication for differences in the integrated production rates down to 80 m water depth north and south of the AF [14] . Contrary to ref. [15] , ref. [14] measured 2 to 3 times higher chlorophyll values at the frontal boundary. Ref. [7] summarized the results of 13 cruises in the frontal region and found no significant differences in primary production rates related to the position of the front. Interannual variability in the biogenic particle flux [16] could not be explained since related dynamics on the upper water column caused by propagation of the AF were not well understood. Ref. [16] showed high variability in surface production based on model results and remotely measured chlorophyll , but did not provide any explanation which processes are responsible for such results.
In this study we analyze the north-and southward propagation of the AF using assimilated model data from 1966 to 2007.
At first we identify driving mechanisms as well as consider the interaction with the Gulf Stream. Secondly, the influence of the front on the deep ocean particle flux is analyzed regarding the special growth conditions in the frontal zone as a narrow transition area between the oligotrophic subtropics and the more productive temperate North Atlantic.
Material and Methods
The AF does not have any surface indication throughout the year, especially in summer, as it is masked by the seasonal thermocline, thus ruling out detection via satellite observations of the sea surface temperature. Also the use of the remotely measured sea surface height is hindered because these signals are dominated by mainly atmospherically forced temperature changes of the uppermost water column above the front in 200 to 300 m water depth. However, these temperature changes do not influence the position of the AF.
For studying the propagation of the AF on monthly to decadal time scales, modeled temperature fields in the Northeast Atlantic have been used, as in-situ measurements of the front are rare (Table 1) .
Temperature data from the Simple Ocean Data Assimilation Parallel Ocean Program (SODA POP) were used. The model provides oceanographic fields with a mean spatial resolution of 0.5 [17] and ref. [18] . To obtain the frontal position, the temperature distribution at 22
• W between 20
• N to 40
• N from surface to 400 m water depth was determined by linearly interpolating 18 depth levels of the model to a vertical resolution of one meter. According to the definition of the AF [1] , the position of the front in north-south direction was set where the 15 The influence of the atmospheric forcing on the position of the AF is analyzed by considering the NAO. The NAOindex describes the difference of the normalized sea level pressure anomaly between the Azores High and the Iceland Low [19] . Here both, the monthly NAO-index and the winter NAO-index covering December to March, were used. The data are available at http://www.cgd.ucar.edu. Additionally, the wind direction over the North Atlantic was taken into account. Wind directions at 22
• W were calculated from monthly means of NCEP (National Centers for Environmental Prediction) zonal and meridional wind components (available at http://www.esrl.noaa.gov) [20] . Anomalies of the wind direction were calculated by subtracting the long term mean from the actual wind direction. The wind components were also used to calculate the Ekman transport on 22
• W [21, 22] . To distinguish the conditions for the biological production north and south of the AF, the mixed layer depth (MLD) was derived from the temperature profiles of SODA-POP as the depth where the difference between the SST and the temperature in depth exceeds 0.5
• C [23] . The winter mixing is one of the crucial parameters that influence the strength of the phytoplankton bloom [24] . According to the depth of the mixed layer different amounts of nutrients are delivered to the euphotic zone. For the determination of the MLD north and south of the AF, the temperature profiles 1
• north and south of the calculated position of the AF were used. Variability of the biological export production in the upper water column was analyzed by using particle flux data from a sediment trap in 2000 m from the mooring station KIEL276 (Table 2 , [16] ) located at 33
• W, which is frequently passed by the AF. From satellite derived chlorophyll data an estimate of the biological production in the whole euphotic zone cannot be made due to the deep chlorophyll maximum (DCM) at approximately 100 m water depth. This DCM is a consistent oceanographic feature of the subtropical ocean [25] . The particle flux used in this study is directly coupled to the phytoplankton development and decay in the euphotic zone [16] with a delay of one and a half to two months [26] . The particle flux data were sampled with 0.5 m 2 sediment traps in 2000 m depth. These instruments, consisting of fibre glass reinforced cone with a funnel slope [16] , are described in detail by ref. [27] . The sampling bottles (400 cm 3 polypropylene cups) were attached to a carousel which allows temporally separated sampling intervals of 5 to 62 days. Choice of sampling interval length depends on the seasonality of biological production [16, 26] . The data gaps both between June 1997 and February 1999 and between 2000 and 2001 are caused by mooring failure [16] . For a detailed description of the sample treatment and the determination of the particle flux see ref. [16, 28] . For a better comparison with the monthly resolved SODA-POP data and derived quantities such as MLD, monthly mean values of the particle flux were calculated with the assumption that the means of the different sampling intervals are valid for each day of the associated interval.
As the mooring station KIEL276 is located close to the AF, changes in the catchment areas of the sediment trap due to variances in the current directions can determine whether the particle flux originates from north or south of the front. The catchment areas were calculated by using the method introduced in ref. [29] . Daily current measurements of Aanderaa current meters (RCM 7 and 8) from the mooring in different depths between surface and 1600 m water depth were used (see Table 2 ). The currents are shown in e.g. ref. [30] (1980-2000) and ref. [16] (1995-2002) . The catchment areas of winter and spring 1994 as well as from February 1999 to July 2001 were calculated using monthly current data of SODA-POP in their highest depth-resolution because, due to instrument failures, no in-situ measurements from the mooring are available. For all calculations a settling velocity of 100 m·day −1 of the sinking particles in the water column down to 2000 m is used [29] . Catchment areas from 1994 to 2001 are described in detail by ref. [16] .
Nitrate samples of the Poseidon cruise P349 in April 2007 (Table 1) determined by an autoanalyzer (EVOLUTION III, Alliance Instruments) according to standard methods [31] , were used to calculate exemplary the supply of dissolved nitrate to the upper water column after the deepening of the mixed layer in winter both north and south of the AF. The cruise took place after the spring bloom which occurs between January and March in the subtropical Northeast Atlantic [16] and therefore nitrate was depleted in the upper water column. Discrete measurements were carried out for samples from 10, 30, 70 (90), 130, 200, 400 or 500 m water depth (brackets indicate depths of water sample taken south of the front according to different depths of the nitracline).
Results and Discussion
Driving Mechanisms
The position of the AF shows a large month to month variability ( Fig. 2a) (Fig. 2a) . From 1977 to 1997 the propagation of the AF shows a repeated pattern of three years southward followed by seven years northward movement, with the southward movement being faster (150±40 m·day ). From 1997 onwards an obvious period of northward or southward propagation of the front is no longer clearly detectable (Fig. 2a) . Over the entire time series a linear northward propagation of the AF of 6 m·day −1 was calculated. Measurements from 14 expeditions (Table 1) • W (see Table 2 ). b) Running mean over 3 years of the winter-NAO-index (solid line) and running mean over 36 months of the GSNW-index (dashed line) from 1966 to 2009.
The influence of the NAO on the ocean dynamics in the permanent thermocline in the Northeast subtropical Atlantic was shown in previous studies (e.g. ref. [30] ). The time series of the running mean over three years of the winter NAO-Index (Fig. 2b) shows a similar pattern as the latitudinal movement of the position of the AF. From 1970 to 1990, the NAO-index ascends and descends with a period of eight years. After 1990 this period decreases and at the end of the time series no period can be recognized.
The position of the AF seems to respond to the NAO with a delay of approximately one year. Significant correlations (significance level ¿ 95%) were found with a lag of 9-12 months with the largest coefficient of ρ = 0 15 (Table 3). Correlation coefficients between the winter NAOindex and an annual mean of the position of the AF were calculated, because the NAO is most pronounced in winter [13] . Significant correlations (ρ = 0 57) can be seen where the AF lags the NAO by 1 year (Fig. 3, Table 3 ).
As the dominant atmospheric feature over the North At- (Fig. 4) , deviations from the mean directions influence the position of the AF. The mean direction at these latitudes are both southward (170
• ±80
• at 35
• N and 190
• ±70
• at 32.5
• N), connected to a strong variability indicated by high standard deviations. Changes in the wind direction which are directly associated with the NAO are one explanation for a propagation of the AF (Fig. 4) . This fact is supported by the study of ref. [32] which calculated the highest correlation between the wind stress curl and the AF characterized by the eddy kinetic energy, at a time lag of about seven months. Both results are in the same order of magnitude, however, the difference of two months in comparison to our calculation (Table 3 ) may be related to the different definitions of the position of the AF; in this study the temperature distribution is used whereas the eddy kinetic energy was used by ref. [32] . The time lag between the NAO and the position of the AF of several months is caused by the adjustment of the upper water column to the large scale atmospheric forcing [32] . According to the southward mean wind direction in the frontal area, a positive anomaly corresponds to a westward and a negative anomaly to an eastward deviation of the mean wind direction. A westward directed wind leads to a northward displacement of the AF relative to the mean position, while an eastward directed wind leads to a more southern position of the front, causing the front to move approximately 90
• right to the wind direction, pointing towards a wind induced Ekman transport affecting north-and southward shifting of the front (Fig. 4) . To confirm this approach, the meridional Ekman transport V E in the frontal area was calculated ( ). The meridional Ekman transports north and south of the front form a convergence area within which the AF is located. The north-and southward moving of the front is partially caused by the variability of these transports. Changes in the mean direction of the Ekman transports from south-to northward (e.g. 1991-1993, 1998-1999, Fig. 5a ) north of the AF lead to pronounced positive anomalies of the position of the front (cf. (Fig. 2a) . In the same time period (from 2003 to 2007), the correlation between the NAO and the associated wind direction with the propagation of the AF seems to change, because the leading effect of the NAO with a one year time lag is terminated ( Fig. 2 and  Fig. 4 ). To secure this trend with a statistically significant result, further studies with longer time periods, spanning the dominant period of the NAO (approx. 11 years) in minimum, are required. These results of the influence of the NAO, the associated winds, and Ekman transports in the frontal region on the propagation of the AF, represent just some of the possible driving mechanisms. Among this wind driven forcing of the front's propagation, the impact on the AC of the Mediterranean Outflow was shown, by postulating that the AC is possibly conceptually generated by β-plumes [33] [34] [35] [36] . Ref. [36] confirms with observational evidence that both mechanisms are coupled, leading to the assumption that variability of the Mediterranean Outflow would influence propagation of the AF as well. However, this issue is subject to further investigations. The focus here lies on the atmospheric forcing because the variability of the atmospheric conditions mainly influences the uppermost water column where the biological production occurs. Changes in the amount of the production are then mirrored in the deep ocean particle flux [16] . In this context of dominant climatic features over the North Atlantic, among the NAO the Atlantic Multidecadal Oscillation (AMO) has to be regarded. In the observed period from 1966 to 2007, the AMO-index shifted from negative to positive in 1997. Nevertheless, a statistically significant influence of this shift from a colder to warmer period in 1997 of the position of the AF cannot be seen, as the dominant period of the AMO of 60 to 80 years [37] is nearly twice as long as the time series in which the position of the AF is observed.
The Front's Impact on the Gulf Stream
Among the atmospheric forcing by the NAO on the AF, the coherence of the meridional propagation of the Gulf Stream, with the NAO on one side and with the AF on the other side, is considered by using the GSNW index, which is derived from the position of the Northern Wall of the Gulf Stream. The meandering of the Gulf Stream is characterized by a high month to month variability which can be removed by calculating a running mean over 36 months (Fig. 2b) . The shifting of the northern wall of the Gulf Stream as the northwestern boundary of the North Atlantic Subtropical Gyre shows a similar pattern as the position of the AF with alternating north-and southward movements. A response to the NAO was also seen in the GSNW position in previous studies (e.g. ref. [8, 9] ), caused by changes in the wind driven currents. Ref. [9] found that drift of the Gulf Stream was correlated with the NAO with a 2-year lag, whilst ref. [10] found highest correlations with zero or one year lag. In this study, correlations show significant coefficients with lags of zero to three years and of eleven years (ρ = 0 37), with the highest coefficient (ρ = 0 61) at a two years lag (Fig. 3 , Table 3 ). The adjustment of the Gulf Stream position to the changes in forcing is determined by westward propagation of baroclinic Rossby waves which may take several years to cross the North Atlantic [11] . Comparing the correlations between NAO and the position of the AF on one side and the NAO and the GSNW on the other side, the GSNW seems to respond later to the NAO than the AF (Fig. 3, Table 3 ).
Correlation coefficients between the position of the AF and the GSNW were calculated for both the monthly and annually averaged time series (Table 3) . First, considering the correlation where the shift of the AF is a response to changes of the GSNW, only low correlations (ρ ≤ 0 15, Table 3 ) at different lags were found in monthly resolution, whereas in annual resolution no significant correlations were determined at all. Compared to the atmospheric forcing of the propagation of the AF by the NAO, motions of the Gulf Stream seem to affect the AF less.
Considering the results of the correlation between the NAO and both the GSNW and the position of the AF, correlation coefficients for the GSNW lagging the AF were calculated (Table 3) . In monthly resolution, significant correlations were found when the GSNW is responding to the shifting of the AF, at a lag of 14 months with the highest coefficient of ρ = 0 23, and at a lag of 26 months (ρ = 0 14), then with a lag of 87 months (ρ = 0 19), and at last where the GSNW lags the position of the AF by 117 months (ρ = 0 23). In contrast to the correlations where the AF responds to the GSNW, here a response of the GSNW to the AF is also reflected in the annual calculations ( Fig. 3 ): significant correlations were calculated at lags of one (ρ = 0 45), two (ρ = 0 41), seven (ρ = 0 4) and ten years (ρ = 0 47). These results indicate that the NAO first affects the AF with a lag of one year, when the ocean has adjusted to the associated modification of the wind system. The changes of the position of the AF then influence the drift of the North Wall of the Gulf Stream most rapidly with a lag of one year. This implies that the correlation between the GSNW and the NAO can be explained by a direct response of the GSNW to the position of the AF whereby the influence of the NAO on the GSNW is most likely caused by an indirect signal transfer via the Azores Front.
The NAO has a high impact on the SST pattern of the North Atlantic with a largest correlation at a zero lag [38] . Considering the position of the AF at 22
• W, ref. [39] shows (in their Figure 18 ) that a positive NAO-index leads to a positive temperature anomaly and vice versa. This temperature anomaly pattern is transferred across the Atlantic as Rossby Waves. Ref. [40] have shown that the AC can amplify the westward propagating Rossby Waves and has a similar waveguide effect as observed in the Antarctic Circumpolar Current [41] .
The correlation coefficients of the annual means have shown four different time lags in the range of one to ten years between the latitude of the AF and the GSNWindex. This slow signal transfer across the North Atlantic is in the same order as the magnitude of Rossby Wave propagation. With a typical wave speed of 10-15 cm·s −1 [42] the NAO induced SST pattern in the region of the AF needs one to two years to reach the west coast of the Atlantic where the drift of the Gulf Stream is observed. Much lower wave speeds have been quantified by ref. [40] , with 0.9 cm·s . These speeds indicate that the signals are able to cross the Atlantic in seven and ten years; time lags for which high correlations between the AF and the GSNW were found (Fig. 3). 
Impact on Deep Ocean Particle Flux
The deep ocean particle flux from 1994 to 2008 is shown in Fig. 6 . A detailed description of the particle fluxes from 1994 to 2002 is given in ref. [16] ; the period from February 2002 to March 2005 was analyzed by ref. [43] and ref. [26] . The particle flux time series show a high seasonal and interannual variability mirroring the variability in primary production [16] . The annual maximum of particle flux . The seasonal variability follows directly the phytoplankton development and decay within the euphotic zone [16] . The annual maximum is initiated by the decay of the bloom with a delay of approximately one month resulting from a mean sinking velocity of 100 m·day −1 [29] . Comparison of independently predicted primary production with the particle flux in 2000 m depth shows a direct correlation between these two variables, but any influence of the variability in the catchment areas of the sediment trap was overlaid by the stronger signal of the seasonal cycle [16] . Ref. [16] suggests that the interannual variability is caused whether the winter mixed layer reaches the nitracline or not. The coupling of the seasonality of the winter mixed layer depth and the seasonality of phytoplankton biomass was postulated by ref. [24] for the ESTOC station near the Canary Islands. In the region of the Madeira Basin, where the mooring station KIEL276 is located, the deepening of the winter mixed layer reaches its maximum in winter to early spring (Fig. 6) . The maximum varies from nearly 80 m north of the AF in 1995 to 190 m in 2005 south of the AF caused by a lifting of the isotherms by the front in the north (Fig. 7) . Ref. [15] found values of 150 -170 m in the region of the AF in the winter 1980/81 derived from the deep stability maximum, a MLD depth range that is in good agreement with the magnitude of the mixed layer depth derived from assimilated modeled temperature fields. In spring and summer the seasonal stratification begins and the mixed layer shallows to its minimum in autumn. If the mixed layer is deeper than the nutricline, new nutrients are supplied to the upper water column followed by phytoplankton growth. A comparison of the timing of the deepest mixed layer, which corresponds with the maximum of phytoplankton abundance in the euphotic zone, and the maximum in particle flux shows a delay of about 30 days due to the sinking velocity. Due to the coarse monthly resolution of the MLD in addition to the sampling intervals of the particle flux of two weeks to two months, ref.
[26] estimated slightly longer time lags ranging from 30 to 60 days (Fig. 6) .
To investigate the influence of the AF on the interannual variability of the particle flux, the different biological environments north and south of the AF are considered. Using remotely measured chlorophyll values in this region allows only to account for particular issues, e.g. beginning of the spring bloom, but not for the existence of the deep chlorophyll maximum (DCM) in 50 -120 m [7] which is not detectable by satellite measurements. Ref. [15] found higher integrated chlorophyll values, as well as a higher maximum chlorophyll concentration in the DCM in the Eastern North Atlantic Water (ENAW) that is colder and generally lies north to the AF, in comparison to the warmer Western North Atlantic Water (WNAW) south to the AF. Also, the zooplankton biomass was significantly higher in ENAW than in WNAW. Due to the lower integrated chlorophyll values, the euphotic zone (1% light level) in the WNAW was 14 m deeper, causing a 20 m deeper DCM [15] . In contrast ref. [7] analyzed 13 cruises from 1992 to 2001 in the AF region and found no significant latitudinal trend in depth-integrated chlorophyll . The integrated primary production showed high values both north and south of the AF, as well as in the frontal boundary. In agreement with ref. [15] , a 20 m shallower DCM north of the AF was seen by ref. [7] , but they attributed the upward trend of the DCM towards northern latitudes to cooler surface waters and shallower mixed layers. It should be noted that the sampling resolution cannot resolve the mesoscale activity [7] which can induce high primary production (cf. [15] ) caused by eddies affecting up-or downwelling relative to their direction of rotation [44] . It is one of the most important requirements for the phytoplankton bloom that the MLD in winter reaches the nutricline depth to supply new nutrients by mixing. The depth of the nutricline is highly correlated with the depth of the DCM [7] , so that a mean difference of the nutricline depth of 20 m is expected between positions north of the AF (shallower) and south of the AF (deeper).
Assuming the same winter mixed layer depth north and south of the front, more nutrients would be supplied in the north due to mixing because the water column generally contains higher nutrient concentrations than south of the AF, where the nutrients are depleted to a greater depth. In addition to the northward trend of the MLD shallowing within the frontal region because of lower surface temperatures, the AF lifts the mixed layer by rising of the isotherms (Fig. 7) . Generally, a deeper mixed layer can be seen south of the AF (Fig. 6 and Fig. 7 ). Further north, in the North Atlantic Drift Province north of the frontal region, the winter mixed layer starts to deepen to reach 350 m in March [45] . From 1966 to 2007 a mean difference in the MLD of 10 m was calculated with 50±40 m north of the AF and 60±50 m south of the AF. The high standard deviation is caused by the high seasonal variability with a shallow mixed layer of approximate 10 m in summer. Just considering the annual maximum MLD in winter, a difference of about 40 m between south (150±40 m) and north (113±25 m) of the AF was determined. The lifting of the lower isotherms in the water column by the front is superimposed by mesoscale eddy activity acting on the MLD, so that a high interannual variability both in the depth of the mixed layer and the difference relative to the front is seen (Fig. 6) . Assuming that there are no, or only small, differences between the MLD north and south of the AF (e.g. 1996), a higher primary production north of the AF is expected due to a shallower nitracline (Fig. 7) providing more nutrients. In contrast, in March 1994 the MLD north and south of the AF shows a difference of nearly 150 m which provides more nutrients to the south and may lead to an enhanced primary production at the southern frontal boundary (Fig. 7) . In-situ nitrate measurements north and south of the AF from April 2007 are used to estimate the amount of dissolved nitrate supplied to the euphotic zone -through deepening of the mixed layer in winter -by integrating the nitrate content over the MLD. Assuming the different mean maximum MLDs with their standard deviations derived from SODA POP, in this case twice as much nitrate (69 +123
) is delivered south of the front compared to north of the frontal system (33 +32 −18 mmol·m
−2
).
The mooring station KIEL276 located on 33
• N is frequently passed by the AF so that catchment areas of the sediment trap of up to a few hundred kilometers [16] have to be considered for relating the MLD, depending on the AF, with the particle flux. Even if the time series station is located south of the AF, a catchment area of a few hundred kilometers can deliver particles originating north of the AF and vice versa. Induced by the high eddy activity at the frontal boundary, the currents in the upper water column down to 1000 m show high variability in velocity and direction values (e.g. [16, 30] ), leading to high variations in extent and orientation of the catchment areas of the sediment trap. The catchment areas as well as the position of the AF at the time when the MLD reaches the maximum in winter were used to determine if the particle flux originated north, south or at the front. These considerations provide information which maximum MLD -the generally deeper in the southern frontal region, or the shallower in the northern part -has existed in the origin area of the annual maximum particle flux. The relationship between this annual maximum MLD in winter and the particle flux is shown in Fig. 8 (black circles) . If the catchment areas as well as the position of the front are not taken into account, no relationship between the winter MLD (north, south or at the front) and the particle flux exists which is evident from the wide scattering (Fig. 8) . Applying the regression line (1) (Fig. 8 ) the particle flux would be depleted when the MLD is shallower than 58 m. This result agrees well with the measured depths of the deep chlorophyll maximum between 50 and 80 m in the northern frontal region [7] , because a MLD of 58 m would not reach the nutricline located below the DCM and no nutrients would be delivered to the euphotic zone, causing termination of the primary production and eventually of particle flux. Thus the winter MLD is the determinant for the interannual variability of the primary production leading to the observed variability in particle flux.
Conclusions
The analyses of the position of the AF derived from assimilated modeled temperature fields between 1966 and 2007 show that this front is a highly dynamic system with a great variability of north-and southward propagation The propagation of the front is mainly forced by atmospheric conditions determined by the North Atlantic Oscillation. Wind direction changes over the North Atlantic, correlated with the NAO, cause advection and convergence/divergence which induces periodical movement of the front. The Ekman transports, due to the wind field in the frontal region, lead to a convergence zone with northward transport south to the front and southward transport north to the front. Variability of these transports causes additional meridional shifting of the front. It is possible that a change in trend of the correlation between the NAO and the propagation of the AF occurred in 2003, but further investigations are needed for a statistically significant result.
Due to the front's location further to the east in the North Atlantic than the Gulf Stream, fluctuations of the atmospheric patterns centered in the western North Atlantic impact the AF and its associated currents faster than the western boundary currents. Rossby waves, modified by movement of the AF, then transport the atmospherically initiated signals over the North Atlantic so that the front's shift is mirrored in the variance of the position of the Northern Wall of the Gulf Stream.
The deep ocean particle flux and the concurrent biological production in the upper water column are closely related to the migration of the AF. Correlated variability in the winter mixed layer depth influences the amount of nutrient supply and leads to a high variability in primary production and consequently in particle flux. The front forms a transition zone with particular growth conditions between the cooler and generally more productive water to the north and the warmer less productive WNAW to the south where the general latitudinal trend of increasing primary production to the north is masked. To understand the interannual variability of the deep ocean particle flux it is important to consider the propagation of the AF as well as the associated mesoscale eddy activity at the frontal boundary, which influences the deepening of the mixed layer and furthermore, the variability of the catchment areas due to changes in the current velocities and directions. The resulting variances of the hydrographic conditions in the frontal area are directly mirrored in the strength of primary production in the upper water column and the associated particle flux.
